Abstract Soil contamination with anthropogenic metals resulting from biosolid application is widespread around the world. To better predict the environmental fate and mobility of contaminants, it is critical to study the capacity of biosolidamended soils to retain and release metals. In this paper, nickel adsorption onto a calcareous soil, a lime-stabilized biosolid, and soil-biosolid mixtures (30, 75, and 150 t biosolid/ha) was studied in batch experiments. Sorption experiments showed that (1) Ni adsorption was higher onto the biosolid than the calcareous soil, and (2) biosolid acted as an adsorbent in the biosolid-soil mixtures by increasing Ni retention capacity. The sorption tests were complemented with the estimation of Ni adsorption reversibility by successive applications of extraction solutions with water, calcium (100 mg/L), and oxalic acid (equivalent to 100 mg carbon/L). It has been shown that Ni desorption rates in soil and biosolid-amended soils were lower than 30 % whatever the chemical reagent, indicating that Ni was strongly adsorbed on the different systems. This adsorption/desorption hysteresis effect was particularly significant at the highest biosolid concentration (150 t/ha). Finally, an adsorption empirical model was used to estimate the maximum permissible biosolid application rate using French national guideline. It has been shown that desorption effects should be quantitatively considered to estimate relevant biosolid loadings.
Introduction
Nickel has many industrial and commercial uses, and the progress of industrialization has led to increased emission of pollutants into ecosystems. Although Ni is an ubiquitous element and is essential for the physiological functions of many organisms, concentrations in some areas from both anthropogenic release and naturally varying levels may be toxic to living organisms. Sources of Ni pollution in the ecosystem include metal processing operations, combustion of coal and oil, and land application of biosolids (KabataPendias and Pendias 1992) . Land application of biosolids is widely used in the European countries, in particular in France, and this practice allowed improving crop production and soil quality because it provides organic materials and offers the possibility of recycling plant nutrients (Debosz et al. 2002; Sigua et al. 2005) . The presence of potentially toxic elements such as nickel in biosolid chemical composition may have consequences for land application of biosolids (Planquart et al. 1999; Antoniadis and Alloway 2002; Ashworth and Alloway 2004; Ahlberg et al. 2006) . As the negative impacts of metals on the environment are commonly known and thoroughly described, biosolids undergo a strict process of discrimination in terms of total heavy metal content (Passuello et al. 2010; Roig et al. 2012) . As reflected by French maximum permissible limits in soils (Ni, 50 mg/kg<Cu, 100 mg/ kg<Zn, 300 mg/kg) and biosolids (Ni,: 200 mg/kg<Cu, 1,000 mg/kg<Zn, 3,000 mg/kg) for land application of biosolids, nickel is one of the most toxic elements. Several authors have studied the fate of nickel and other potentially toxic elements (mainly Cu and Zn) following short-and longterm application of biosolids (Bell et al. 1991; McBride et al. 1999; Hettiarachchi et al. 2006; Natal-da-Luz et al. 2012) , but this issue remains strongly controversial within the scientific community. Some published data have shown that the longterm biosolid spreading would result in the release of metals into the soil due to organic matter mineralization; it is the "time bomb hypothesis" (McBride 1995; Bergkvist et al. 2005; Stietiya and Wang 2011) . Other authors have suggested that the long-term application of biosolids would present no environmental risk, due to the high adsorption capacity of mineral phases within biosolids; it is the "protection hypothesis" (Frost and Ketchum 2000; Li et al. 2001; Hettiarachchi et al. 2006) . Consequently, to better predict the environmental fate and mobility of nickel, it is critical to study the capacity of biosolid-amended soils to retain and release this element. Adsorption studies must be completed with the quantification of adsorption process reversibility which can be addressed by conducting extraction experiments to estimate metal desorption rates (Sastre et al. 2007; Tan et al. 2009; Mamindy-Pajany et al. 2011 ). This approach allows estimating the fraction of pollutant that may be remobilized when the environmental conditions change. The purpose of this study was therefore to (1) investigate the adsorption/desorption behavior of Ni on a calcareous soil and a biosolid in order to characterize its potential mobility in each matrix, and (2) assess Ni adsorption and its reversibility in the biosolid-amended soil at different biosolid application rates. Although other potentially toxic elements present in biosolids can provoke an ecological risk in agricultural ecosystems after biosolid application, Ni was selected since few studies have documented the behavior of this highly phytotoxic contaminant in biosolid-amended soils.
Materials and methods

Solids and reagents
A calcareous soil from the Champagne-Ardenne region (Reims, France) was collected from 0 to 15 cm depth. Five sub-samples were collected and pooled together. The soil was air-dried and sieved through 2 mm prior to performing laboratory experiments. The soil sample was analyzed for selected physical and chemical properties (pH=8.2, CEC=8.2 meq/ 100 g, organic matter=2.3 %, CaCO 3 content=78.3 %) by the "Chambre d'Analyses Marne-Ardenne" (Reims, France) using analytical methods defined by the Association French Normalization Organization Regulation and the International Organization for Standardization as described in previous work (Mamindy-Pajany et al. 2013 ). The loamy soil texture was determined by separating the relative proportions of sand, silt, and clay using grading sieves (Mamindy-Pajany et al. 2013) .
The biosolid was provided by a large municipal waste water treatment plant for a population equivalent of 200,000 inhabitants (France) where it was mixed with 8 % of lime. Laboratory experiments were performed on this fresh limestabilized biosolid, for which the water content was determined by weight difference before and after drying at 40°C. The main biosolid properties were determined using standard protocols in a French laboratory accredited (COFRAC) by the French Ministry of the Environment, and they are displayed in Table 1 .
An aqueous solution (1,000 mg/L) of Ni 2+ was prepared in deionized water (ALPHA Q, 18 MΩ cm
) from nickel nitrate (Ni(NO 3 ) 2 ,4H 2 O) purchased from Fluka. Calcium as Ca(NO 3 ) 2 ,4H 2 O and oxalic acid were also obtained from Fluka from which aqueous solutions were prepared and used in desorption experiments.
Sorption experiments
Sorption studies were carried out in centrifuged glass vessels at room temperature (25°C). Experiments were carried out on the calcareous soil, the biosolid and the biosolid-amended soils without pH control. Nickel adsorption on these solids was studied by conducting three different protocols to obtain (1) influence of solid to liquid ratio, (2) adsorption kinetics, and (3) adsorption isotherms.
Influence of solid to liquid ratio on nickel adsorption
A series of solid to liquid ratios ranging from 2 to 250 g/L was tested for the calcareous soil. This series was complemented by two other ratios (0.5 and 1 g/L) for the biosolid. The mass of soil or biosolid was put in contact with the same volume (40 mL) of a nickel solution at 100 mg/L. The suspensions were shaken during 24 h, then centrifuged and filtered through 0.45-μm pore size acetate filters. The amount of adsorbed Ni was calculated by subtracting the final concentration in aqueous solution from the initial Ni concentration. The solid to liquid ratios were selected as a function of Ni adsorption rates (from 30 to 50 % adsorbed Ni). Adsorption kinetics on biosolid and soil
Based on results obtained in the previous experimental section, a constant mass of solid (0.200 and 0.020 g for the calcareous soil and the biosolid, respectively) was suspended in 40 mL of nickel solution at 100 mg/L. Experiments with increasing contact times were performed separately on the soil and the biosolid until the amount of adsorbed Ni remains constant. When a plateau was reached, the corresponding time was supposed to be the equilibrium time, which was used for all further experiments. The longest equilibrium time between soil and biosolid was selected to perform Ni adsorption/ desorption experiments on biosolid-amended soils. Ni adsorption kinetic data were analyzed using four kinetic models usually used to study metal adsorption on various adsorbents (Ho 2006) . The pseudo-first-order kinetic model is described by the following equation: log q e −q t ð Þ¼log q e ð Þ− tk 1 2:303 where q e and q t are the amounts of Ni adsorbed (milligrams per gram) at equilibrium and at time t (minutes), respectively, and k 1 is the Lagergren rate constant of first order adsorption (minutes). The pseudo-second-order kinetic model, which is based on the assumption that chemisorption is the ratedetermining step, can be expressed as: ) is the intraparticle diffusion rate constant. The intercept of the line reflects the boundary layer effect. The larger the intercept is, the greater is the contribution of the surface sorption in the rate-controlling step.
The Elovich kinetic model was also used, and it was described by the following equation:
The slope and intercept of the plot of q t vs. ln (t) resulted in the determination of the kinetic constants α (milligrams per gram per minute) and β (grams per milligram).
Adsorption isotherms
A constant mass of solid (0.200 and 0.020 g for the calcareous soil and the biosolid, respectively) was suspended in 40 mL of solution containing Ni concentrations in the range of 10-500 mg/L. Adsorption isotherms were plotted for biosolidamended soils at three biosolid application rates (30, 75, and 150 t/ha, i.e., 1, 5, and 10 % of the soil mass by weight, respectively) and a constant mass of soil (0.2 g). All suspensions were shaken until adsorption equilibrium was reached and then centrifuged, the supernatant acidified, and analyzed for nickel concentrations remaining in solution. Among the sorption empirical models, Langmuir and Freundlich ones are the most used to describe metal adsorption isotherms on soil and biosolid samples (Altin et al. 1998 ). These representations allow calculating thermodynamic values induced by the adsorption process. Thus, nickel adsorption isotherms were modeled with Langmuir adsorption isotherm using the following equation:
where Q is the maximum amount of adsorbate per weight unit of solid (milligrams per gram), C e is the concentration of adsorbate (milligrams per liter) remaining in solution after equilibrium, q e (milligrams per gram) is the amount of nickel adsorbed per weight unit of solid at equilibrium, and K L (liters per milligram) the Langmuir constant related to the affinity of binding sites for the adsorbate. The Freundlich relationship was also used by reporting log (q e ) versus log (C e ) according to the following equation:
.mg 1-n ) is the Freundlich constant and n represents the degree of nonlinearity.
Successive desorption experiments
Reversibility of Ni adsorption onto the soil, the biosolid, and biosolid-amended soils was studied using successively water, calcium (100 mg/L) and oxalic acid (100 mg carbon/L) solutions. Contaminated adsorbents obtained in the previous experimental section were re-suspended successively in water, calcium, and oxalic acid solutions during 24 h for the calcareous soil, the biosolid, and the biosolid-amended soils. After each desorption step, suspensions were centrifuged and total nickel concentrations were analyzed in acidified supernatants to determine the amount of desorbed Ni.
Reagents and chemical analysis
The pH of supernatants was controlled by a pH meter Metrohm 713 with a combined pH electrode Metrohm 60234100. The calibration was performed using two buffer solutions of pH 4.01 and pH 7.00 at 25°C.
Nickel was analyzed by ICP-AES (Varian, Liberty Series II). Dissolved organic carbon (DOC) analyses were performed on acidified samples using a total organic carbon analyzer (Shimadzu, TOC-5000). Satisfactory calibration of these instruments was ensured by measurement of independently prepared samples of known concentrations, which, in each case, gave concentrations of within 5 % of the expected values.
Results and discussion
Effect of solid to liquid ratio
Nickel adsorption rates as a function of soil to solution ratio (S/L) are displayed in Fig. 1 . The adsorption behavior of nickel was significantly influenced by the S/L ratio, and all soil suspensions had pH values slightly lower than 8. The percentage of Ni adsorbed onto the soil increased with the increase of S/L ratio from 19 to 100 %. This behavior can be explained by the increase of the specific surface area on which nickel ions could be adsorbed. The soil to liquid ratio equal to 5 g/L was selected to perform further experiments since it provided discernible decrease in Ni concentration that is acceptable with respect to the initial concentration.
The effect of biosolid to liquid ratio was also studied and results are shown in Fig. 2a . As previously observed, the adsorption behavior of nickel was strongly influenced by the S/L ratio. Two regions could be distinguished in Fig. 2a : (1) for S/L ratio from 0.5 to 2 g/L adsorbed nickel amount increased, (2) between S/L 2 and 30 g/L nickel adsorption rate decreased. The first part corresponding to the increase of adsorbed Ni amount was correlated to the low dissolved organic carbon concentrations (Fig. 2b) . Nickel adsorption capacity of biosolid reached a maximum at 88 % for a S/L equal to 2 g/L. In the second part of the curve (S/L >2 g/L), the decrease of nickel adsorption could be explained by the increase of pH that promotes the DOC solubility and thus the formation of Ni-dissolved organic matter complexes. Thus, nickel adsorption onto the biosolid was more strongly influenced by DOC content (Fig. 2a, b) than S/L ratio. The biosolid to solution ratio equal to 0.5 g/L was selected to perform further experiments since it provided a pH value close to that of the soil and a quasi-negligible interaction between Ni and DOC (Fig. 2b) . In addition, the percentage of adsorbed Ni easily allowed the detection of remaining Ni in solution by ICP-AES.
Kinetic experiments
The variations in the adsorbed nickel amount on the soil and the biosolid with contact time are shown in Fig. 3 . It was observed that a plateau was reached after 16 and 24 h for the soil and the biosolid, respectively. For practical reason, an equilibrium time of 24 h was used for adsorption experiments in all cases (soil, biosolid, and biosolid-amended soils). Four kinetic models were used to describe the mechanism of Ni adsorption (Table 2) . Firstly, pseudo-first-order equation has been widely used for analyzing the adsorption of an adsorbate from an aqueous solution (Ho 2006) . The values of rate constant k 1 were calculated from the plots of log (q e −q t ) vs. t. The determination coefficient R 2 values were relatively low indicating that experimental data were not well fitted with this kinetic model (Table 2) . Secondly, the pseudo-second-order equation based on equilibrium adsorption was applied to experimental data. The linear plot of t/q t vs. t displayed R 2 values close to 1 (>0.99) for both samples. This indicated a good agreement between experimental (6.3 and 105 mg/g for soil and biosolid samples, respectively) and calculated (6.2 and 109 mg/g for soil and biosolid samples, respectively) q e values ( Fig. 3 and Table 2 ), and the applicability of the pseudo-second-order equation for describing Ni adsorption kinetic on the calcareous soil and the biosolid. Intraparticle diffusion kinetic model based on the theory or equation proposed by (Weber and Morris 1963) was also tested. Intraparticle diffusion is the sole rate-limiting step if the regression of q t vs. t 1/2 is linear and passes through the origin. The linear plot of q t vs. t 1/2 showed relatively low R 2 values and did not pass through the origin. This deviation from the origin was due to the difference in the rate of mass transfer in the initial and final steps of the sorption process. This indicated the existence of some boundary layer effect and demonstrated that intraparticle diffusion was not the main ratelimiting step (Das and Mondal 2011) . The fitting to Elovich model seemed to be not as good as the pseudo-second-order kinetic model since the determination coefficients (R 2 ) were lower than 0.97 for soil and biosolid samples (Table 2) . Among kinetic models used in this paper, the pseudosecond-order kinetic model showed a good linearity and high determination coefficient values for the studied concentration in comparison to the other kinetic models (even the pseudofirst-order cannot be totally ruled out, R 2 =0.97). In addition, the calculated q e values (i.e., 6 and 109 mg/g for soil and biosolid samples, respectively) were in good agreement with the experimental data (i.e., 7 and 145 mg/g for soil and biosolid samples, respectively). Thus, the rate-limiting step of Ni 2+ adsorption onto the calcareous soil and the biosolid was mainly controlled by chemisorption at the studied concentration (100 mg Ni/L). This result supported works of several authors showing that Ni adsorption followed the pseudo-second-order kinetic model on natural organic matter (Ho et al. 1996; Basso et al. 2001; van Hullebusch et al. 2004) and inorganic materials (Ho and McKay 1999; Ho 2006) . Adsorption isotherms on soil, biosolid, and biosolid-amended soils
The adsorption isotherms report adsorbed amounts at different aqueous equilibrium concentrations. Figures 4 and 5 show adsorption isotherms of Ni on the soil, the biosolid, and the biosolid-amended soils at the equilibrium pH (around pH 8).
Langmuir and Freundlich models were used to describe the interactions between the adsorbate and the solid surface. Langmuir model requires a 1:1 stoichiometry which imposes that one adsorption site binds to a single adsorbate until the formation of a monolayer (Langmuir 1918 ). The Freundlich model is often applied to describe adsorption onto heterogeneous surfaces where the saturation of adsorption sites is never reached due to the formation of multi-layers. Thus, Ni adsorption was described by the Freundlich constant (K f ) along with a measure of non-linearity (n) of the data set. As shown in Table 3 , there was an important deviation from linearity using the Freundlich isotherm model for describing Ni 2+ adsorption. Indeed, n values for the soil and biosolid-amended soils were higher than 6, which indicated a highly favorable adsorption process (Oliveira et al. 2005) . However, this model gave a lower fitting for Ni 2+ adsorption behavior than the Langmuir model. Indeed, experimental data were fitted by the Langmuir model with a determination coefficient close to R 2 =0.999, indicating that adsorption sites were homogeneously distributed on the surface of the solid phase. This result was in good accordance with published data describing heavy metal adsorption on soils, biosolids, and biosolid-soil mixtures by the aid of Langmuir model (Burton et al. 2003; Singh and Pandeya 1998) . According to Table 3 , maximum adsorption capacities (Q) obtained from Langmuir fitting increased in the following order (milligrams per gram): 7.2 (soil) <7.7 (soil+biosolid at 30 t/ha) <11.8 (soil+biosolid at 75 t/ha) <16.9 (soil+biosolid at 150 t/ha) <144.9 (biosolid). Ni affinity for surface adsorption sites was 20 times higher on the biosolid than on the calcareous soil, suggesting that the biosolid displayed higher surface reactivity for Ni adsorption (high specific surface area and/or high complexation constant) than the soil. Biosolid-amended soils had retention capacities higher than the soil and increasing with the biosolid application rate (Table 3 ). These results indicated that biosolid acted as an adsorbent in the biosolidsoil mixtures. Given that biosolid was composed by organic matter (≈70 %) and mineral particles (≈30 %), Ni could adsorb onto both reactive minerals (such as sulfides, Fe, and Mn oxides) and organic matter (thiol, carboxylic, and alcoholic surface groups). Some work on soils have identified specific reversible Ni interactions with Fe and Mn oxy-hydroxides and irreversible with well-crystallized Fe oxides (Massoura et al. 2006; Alves et al. 2012) . Recently, Apul et al. (2010) demonstrated using a multi-surface geochemical modeling to describe adsorption reactions that trace element leachate concentrations from biosolid was controlled by both organic and inorganic sorbent surfaces.
Desorption from soil, biosolid, and biosolid-amended soils The reversibility of the adsorption process was estimated by quantifying the nickel extractability in the different samples after adsorption using successively water, calcium, and oxalic acid solutions. The first two reagents are usually used in the metal selective extraction protocols to evaluate soluble and exchangeable fractions from contaminated soils, whereas oxalic acid allows extracting metals bound to Fe and Mn oxides (Gleyzes et al. 2002) . The Ni adsorption rates were plotted as a function of the "distribution coefficient" K d (liters per kilogram) calculated, and therefore only valid for each introduced Ni concentration. The higher the adsorption rate is, the higher the K d value. Results are displayed in Fig. 6a for the calcareous soil, and they showed that nickel desorption rates were lower than 10 % with water and calcium suggesting that a small fraction of Ni was weakly bound to soil components. This could be explained by the low CEC value (8.2 meq/ 100 g) of the calcareous soil and the pH values close to neutrality limiting nickel desorption. This result was in accordance with other works demonstrating the important nickel retention in calcareous soils (Businelli et al. 2004 ; Shi et al. 
.mg ). The third extractant, oxalic acid, allowed desorbing between 10 and 30 % of adsorbed Ni from the calcareous soil. Desorption rates decreased with adsorbed concentration, i.e., K d increased (Fig. 6a) . It was shown that nickel adsorption processes were highly irreversible in carbonate and Fe/Al fractions from a loamy soil with fine CaCO 3 particles (Liao and Selim 2010) . Low desorption rates could also be explained by precipitation of calcium oxalate in the calcareous soil (Ström et al. 2001) , which could make oxalate less available for heavy metals leading to a lower Ni extraction (Veeken and Hamelers 1999; Zanuzzi et al. 2009 ).
In the case of the biosolid sample, water and calcium solutions had a very low impact, as observed for the calcareous soil, since only 5 % of nickel was desorbed irrespective to the adsorbed Ni concentration (Fig. 6b) . In opposition to the two previous extractants, oxalic acid provoked very high desorption rates (higher than 80 %) from biosolid sample due to leachate acidification (pH 3). Desorption rates were more or less stable whatever the adsorbed Ni concentration suggesting that Ni adsorption process onto biosolid was mainly reversible under our acidic conditions (Fig. 6b ). This result is in agreement with works of Massoura et al. (2006) showing reversible interactions of Ni ions with amorphous Fe oxihydroxides in soils. It has been shown in some soils that available Ni is strongly correlated to oxalate extractable Ni. In particular, this oxalate extraction affects Fe oxides under amorphous form.
In biosolid-amended soils, the same trends were observed in the case of water and calcium extractions with a very low Ni desorption rate (<5 %) and higher extraction rates with oxalic acid (Fig. 7) . The weak Ni mobility in water and calcium solution indicated that Ni was strongly bound in biosolidamended soils. Due to the pH buffer effect of calcareous particles, oxalic acid induced lower desorption rates in biosolid-amended soils than in biosolid sample. Desorption rates were very similar for the two lowest biosolid application rates (30 and 75 t/ha), whereas a lower Ni desorption rate was measured at 150 t/ha (Fig. 7) . The trends are very close to the ones observed in the case of the calcareous soil. At the calcareous soil pH, biosolid organic matter was negatively charged, and it could immobilize Ni through adsorption processes due to its high adsorption capacity (Table 3) . Nickel desorption could also be restricted by the presence of lime in biosolid that could precipitate high-molecular weight soil organic matter due to flocculation or adsorption by cation bridging in a high Ca 2+ environment (Karlik 1995; Römkens and Dolfing 1998) . Furthermore, aging effect could occur because, over time, adsorbed nickel could (1) diffuse deeper into the solid-phase structure, or (2) becomes increasingly occluded under surface-precipitated layers (Shi et al. 2012 ). This latter process was especially common in carbonated systems and may also occur in systems containing Fe and Al oxides (Kaplan and Serkiz 2001).
As demonstrated above, the rate of adsorption was not equal to the rate of desorption suggesting that desorption process was not totally reversible and that Ni was specifically adsorbed in biosolid-amended soils. Desorption isotherms could be calculated for the soil, the biosolid, and biosolid-amended soils by subtracting all desorption steps (C water +C calcium +C oxalic acid , where C water , C calcium , and C oxalic acid were the contaminant concentrations extracted by water, calcium, and oxalic acid, respectively) from adsorption isotherms and modellized using the Langmuir model. The three extractants used to define adsorbed amounts were not expected to recover nickel occluded in silicates, aluminosilicates, crystalline Fe-or Mn-oxides or Ni associated with recalcitrant fractions considered unavailable for leaching under all situations. Results displayed in Table 4 evidenced that the remaining maximum amounts of Ni adsorbed obtained from Langmuir fitting increased in the following order (milligrams per gram): 4.6 (soil) <5.5 (soil+biosolid at 30 t/ha) <8.2 (soil+biosolid at 75 t/ha) <14.8 (soil+biosolid at 150 t/ha) <42.5 (biosolid). The percentage of desorbed Ni amount was classified as follows (percentage): 12.4 % (soil+10 % biosolid soil) <28.4 (soil+1 % biosolid) <30.7 (soil+5 % biosolid) <35.8 (soil) <70.6 (biosolid). After desorption steps, adsorbed Ni amounts decreased by 70 and 36 % in the biosolid and the calcareous soil, respectively. Even if the adsorbed amounts were different on the two solids, this discrepancy can also explained by the pH value that was acidic (pH 3) in the biosolid and slightly basic in the calcareous soils (pH 8 due to the buffer role of carbonates) during the extraction step with oxalic acid. From these results, it emerged that Ni was more strongly bound in the calcareous soil and biosolid-amended soils than in the biosolid. The amounts of desorbed Ni were lower in biosolid-amended soils (Table 4) , especially at the highest biosolid concentration (only 12 % of desorbed Ni) indicating that the adsorption/ desorption hysteresis was particularly significant at high biosolid concentration and close to neutrality pH values. Desorption study showed that the composition and reactivity of solid phases (soil and biosolid) and dissolved compounds (calcium, dissolved organic carbon as oxalic acid) could significantly modify the fate of heavy metals in amended-soil systems.
Calculation of biosolid application rates Several authors have shown that adsorption was an important process controlling metal fate and behavior in the environment, and that more relevant biosolid loading could be obtained from site-specific sorption properties (Burton et al. 2003; McBride 1989; Barry et al. 1995) . Thus, it is important to determine the amount of biosolid that can be applied to the soil without exceeding a soil solution metal concentration (the metal equilibrium concentration, C e ) corresponding to the permissible limit. This amount of biosolid can be calculated using the sorption isotherm equation.
The cumulative leachate concentration used in this study was based on the criteria specified in the French biosolid guidelines for the protection of agricultural ecosystems. In this guideline, a maximum of 0.3 g Ni/m 2 for 10 years was allowed for biosolid spreading. This amount of Ni can then be expressed in grams Ni per kilogram using an average soil density (1.4 t/m 3 ) and a particular depth of soil (i.e., the topsoil 0-20 cm). In this case, 43 μg Ni/kg of soil could be released by the biosolid over 10 years.
In the present study, the ratio S/L=5 g/L, corresponding to a L/S=200 L/kg, was used in sorption experiments onto the calcareous soil and biosolid-amended soils. This ratio can be related to a time scale and represents the cumulative liquid to solid ratio that can be expected to contact the soil layer over a time period. It could be estimated based on the following equation: L/S site =(I×t)/(ρ×h), where L/S site is the liquid to solid ratio (liters per kilogram) specific to the field conditions, I the infiltration rate (centimeters per year), t the estimated time period (year), ρ the soil density (kilograms per cubic centimeter), and h the soil height (meters). Biosolid-amended soils had an average bulk density of 1.4 g/cm 3 , and 604 L/m 2 annually infiltrated the agricultural soil in the Champagne-Ardenne region (France). When a soil layer of 20 cm was considered, a L/S ratio of 200 L/kg was reached in 93 years. Thus, the amount of Ni that could be released from biosolid over this period of time (93 years) will be of 400 μg/kg soil (compared Table 4 Nickel adsorption isotherm parameters after leaching with the three successive extractants calculated from Langmuir model, for the calcareous soil, the lime-stabilized biosolid, and biosolid-amended soils
Langmuir parameters
Desorption parameters to 43 μg Ni/kg over 10 years) and after normalization by the L/ S ratio (200 L/kg) it was equivalent to 2 μg Ni/L. This dissolved Ni concentration (C e ) was then used in Langmuir equation using parameters from Tables 3 and 4 to calculate the corresponding adsorption capacities (q e , Table 5 ). The amount of adsorbed Ni onto the biosolid was 58 mg Ni/ kg, and the remaining amount after desorption was 8 mg Ni/ kg. This meant that 50 mg Ni/kg was reversibly adsorbed on the biosolid at this Ni concentration level (Table 5) .
To investigate the effect of adsorption/desorption processes on the biosolid loading, the biosolid application rate calculated on the basis of reversibly adsorbed Ni amount (50 mg/kg) was compared with the total Ni concentration (58 mg/kg). If reversibility effects were not taken into account, a rate of 410 t biosolid/ha could be applied on the soil. However, if the influence of desorption processes would be considered, a two times lower application rate of approximately 186 t/ha should be recommended ( Table 5 ). Given that the maximum permissible biosolid application rate at French level is around 280 t/ha over 93 years (30 t/ha over 10 years), it emerged that adsorption isotherm equation (410 t/ha) greatly overestimated the appropriate biosolid application rate. The present study indicates that Ni desorption processes from biosolid could significantly modify the calculation of relevant biosolid application rates. This means that quality guidelines, often based on equilibrium studies, should take into account biosolid properties, especially the reversibility mechanisms after metal adsorption. More detailed studies focusing on the desorption processes in field conditions are needed to improve the capability of geochemical models to predict the fate of biosolid-borne metals in the environment.
Conclusion
Adsorption-desorption tests are useful tools for risk assessment derived from metal contamination in biosolids such as biosolidamended soils, especially regarding the metal transfer from contaminated biosolids to soils. In the present study, the sorption study showed that Ni adsorption on a lime-stabilized biosolid and on a calcareous soil was mainly controlled by chemisorption. Sorption isotherm analyses by the Langmuir adsorption model gave a better fit than the Freundlich equation, providing the highest Ni adsorption capacity on the biosolid. Adsorption experiments on biosolid-soil mixtures demonstrated that the biosolid acted as an efficient adsorbent since the adsorbed Ni amount increased with the biosolid application rate (30, 75, and 150 t/ha). This adsorption study was complemented with the sorption reversibility experiments. Results showed that the biosolid possessed the higher Ni desorption rate (70 %). Desorption study confirmed that Ni was strongly adsorbed on the soil, the biosolid, and mixtures of them. More importantly, desorption processes could significantly depress adsorbed amounts and consequently reduce calculated loadings of biosolid up to 45 % (from 410 to 186 t/ha). Biosolid application rates derived from soil sorption parameters are relevant to environmental protection only if the interactions between the contaminant solution and soil are accurately taken into account. Laboratory experiments designed to estimate these parameters must be adapted as much as possible to field scenarios. In this sense, in situ Ni speciation examination using micro X-ray fluorescence and micro X-ray absorption spectroscopy is in progress, which could help to better understand key sorption reactions controlling the fate of Ni in the biosolid-amended soils.
